We have isolated three telomere-associated sequences from rice using cassette-ligation-mediated polymerase chain reaction (PCR). Each of the obtained clones hybridized to the terminal of one or several rice chromosome arms. The telomeres recognized by the clones displayed a high level of polymorphism between two rice varieties, Nipponbare (a japonica variety) and Kasalath (an indica variety). Variability in the chromosome termini was also detected among individual F2 progeny plants, which were derived from a cross between the two rice varieties. One clone containing telomere-associated sequences was located to one end of chromosome 5, and another clone to one end of chromosome 11. For another clone, non-allelic segregation of polymorphic hybridization bands was observed between japonica and indica rice; this clone was mapped to one end of chromosome 12 in japonica and to one end of chromosome 11 in indica rice. This indicates an exchange of termini between nonhomologous chromosomes.
Introduction
Eukaryotic chromosome telomeres have distinct structural and functional features and provide important landmarks for the termini of genetic and physical maps of chromosomes.
"
3 At the very end of chromosomes, there are telomeric repeats (TRs), which comprise a variable length of tandem arrays of short G-rich repeats. In plants, the basic unit of the repeat has been considered to be 5'-CCCTAAA-3'. 415 DNA sequences proximal to the TRs, called telomere-associated sequences (TASs) or subtelomere, are composed of unique sequences 6 and large tandemly repeated DNA segments. 5 -7 " 9 A hypervariable character of telomeric regions has been reported by several authors. 8 " 15 Only a few papers concerning the structure or polymorphic character of plant telomeres have been published. Recently, subtelomere sequences have been isolated from Arabidopsis thaliana, 6 maize, 16 and barley. 17 -18 Isolation of TASs from rice is of great interest for several reasons. First, it will provide tags for the ends of a genetic linkage map. We have been constructing a high-density restriction fragment length polymorphism (RFLP) linkage map of rice (Kurata et al. in preparation), and information about the map position of the telomeres complete the map. Second, it has been speculated that telomeric regions and TASs show a lot of * To whom correspondence should be addressed. Tel. +81-298-38-2180, Fax. +81-298-38-1780 variation at the DNA level. Thus, it will be interesting to know what kind of DNA sequences are located near the telomeres. Wu and Tanksley 19 analysed segregating bands on pulsed field gel blots of rice DNAs using Arabidopsis telomeric DNA as a probe, and mapped three rice telomeres on their RFLP map.
In this paper, we describe the cloning of rice TASs, detection of polymorphisms at the telomeres and mapping of the TASs on the rice genetic map. Of the 24 rice telomeres, we have isolated three independent subtelomere clones. The fragments detected by the clones displayed a high level of polymorphism between japonica and indica varieties that are otherwise fairly similar at the DNA level.
Materials and Methods

Strain, plants, plasmid, and primers
E. coli strain DH5a was used as a bacterial host. Two rice varieties were used in this study, Oryza sativa L. var. Nipponbare (japonica) and Oryza sativa L. var. Kasalath (indica). A population of 186 plants, derived from a cross Nipponbare x Kasalath was used for segregation analysis of the telomeric fragments. Genomic DNA of these plant materials was prepared from developing leaves. pCR II (Invitrogen) was used as a cloning vector for polymerase chain reaction (PCR) amplified products. For PCR amplification of TASs, we used the telomere primer (5'-CCCTAAACCCTAAACCCTAAA-3') and the cassette primer. The sequence of the telomere primer is based on the sequence of A. thaliana TRs 4 , which has been confirmed to be also the sequence of rice TRs (unpublished data and Wu and Tanksley 19 ). The sequences of the Sav3Al cassette and the cassette primer used for the PCR amplification are described in Isegawa et al. 20 
Cloning of TASs from rice
Rice var. Nipponbare DNA of approximately 100 /j,g was digested with Sau3Al and DNA fragments ranging from 3 to 8 kb were isolated by agarose gel electrophoresis. One-fifth of the obtained DNA was ligated with 400 ng of the annealed Sau3Al cassette. A portion (1 /xl) of the ligation product (5/Ltl) was used as a template for amplification. PCR amplification reaction contained the template, 0.2 mM dNTPs, Taq polymerase buffer (Promega) and 20 pmol of the cassette and/or telomere primer in a 100-/xl volume. The reaction mixtures were denatured for 10 min at 94 °C, and 2.0 units of Taq DNA polymerase (Promega) were added. Amplification was carried out for 25 cycles of 30 sec at 94 °C, 2 min at 55 °C, 3 min at 70 °C. The amplification products were analyzed on a 2% agarose gel (NuSieve, Takara), and specific bands (0.4~0.1 kb) in the product were isolated by agarose gel electrophoresis. The recovered DNA was ligated to the pCR II vector. The ligation product was used to transform competent E. coli cells, and colonies carrying inserts were selected.
DNA sequencing and Southern hybridization
The DNA sequences of cloned fragments were determined by dideoxy techniques using double-stranded templates and Taq polymerase cycle sequencing reagents (Applied Biosystems Inc.). 21 Exonuclease digestion of genomic DNA was performed using 5 U/ml of BaI3l nuclease at 30 °C at a DNA concentration of 30 /ig/ml. The reaction was stopped by the addition of EDTA to a final concentration of 20 mM.
Southern blots were prepared using positively charged nylon membranes (Boehringer). Southern hybridizations were performed using the ECL gene detection system (Amersham).
2.4-Mapping
The map position of each segregating DNA fragment was determined on the existing high-density RFLP map of rice (Kurata et al. in preparation) using the Mapmaker program 22 Nipponbare DNA was digested with 5au3Al and ligated to a Sav3Al cassette designed as a double-stranded oligonucleotide adaptor carrying a 5au3Al compatible end and a sequence identical to the cassette primer (CP). This cassette lacks a phosphate group at the 5' end, which assures that there is no sequence complementary to the cassette primer until the strand complementary to the cassette primer sequence has been synthesized from the telomere primer (TP).
units (centimorgans, cM) between markers were calculated with Kosambi function. 23 
Results
Isolation of rice telomere-associated sequences
Rice TASs were cloned as outlined in Fig. 1 using a target-specific primer based on the sequence of rice TRs. Prior to ligation of the cassette to the SaM3Al-treated rice DNA, we separated the DNA on an agarose gel and isolated DNA fragments ranging from 3 kb to 8 kb, where rice telomeric fragments are contained. This procedure allowed a significant enrichment of the higher molecular weight telomeric DNA, because 5ow3Al degrades most of the proximal genomic DNA to an average size of 300 bp. The PCR amplification of the cassette-ligated DNA with the telomere specific primer and cassette primer yielded products visible as several distinct bands (from 400 bp to 100 bp) on an agarose gel (Fig. 2, lane b) . The amplification with the cassette primer alone failed to produce specific amplification products (Fig. 2, lane c) . The prod- ucts were ligated to the pCR II vector, and the ligation products were used to transform competent E. coli cells. Seventeen randomly selected clones with inserts between 100 and 350 bp were sequenced. Some clones had the same sequence as other clones, and we found only six independent clones. The sequence of each of these six clones was flanked at one end by the inverted telomere primer sequence and at the other end by the inverted cassette primer sequence. To determine which clone is derived from rice chromosomal ends, we performed Southern hybridization of ffaSl-treated rice DNA with each clone; telomeric termini are not covalently closed and must be sensitive to exonuclease digestion. The Nipponbare genomic DNA was treated with Bal3>\ nuclease, subsequently digested with EcoRI, and used for Southern analysis using each clone as a probe. For hybridization experiments, we removed the inverted telomeric primer sequence (GGGATTT)3 from the probes generated from these clones, because this sequence may cross-hybridize to the rice genomic TRs and may interfere with the specific pattern of hybridization with TAS clones. We found that three clones, named TEL 1, TEL 2, and TEL 3, hybridized to i?coRI-treated rice genomic DNA and detected diffuse bands which were progressively shortened by BaI31 nuclease digestion (Fig. 3) . On the other hand, when the Southern blot of the BaSl-treated rice DNA was hybridized with a rice non-telomeric probe, the detected bands did not show any shift after BaQ\ digestion (Fig. 3D ). The results demonstrate that these three sequences are derived from rice chromosome ends.
Among the 17 clones chosen from the transformants, 3 independent clones comprised 11 clones: 3 clones were attributed to TEL 1, 5 clones to TEL 2, and 3 clones to TEL 3. Therefore, 65% of the PCR products originated from telomeric DNAs. From the hybridization bands on the lanes containing non-BaBl-treated DNA (lanes 0 min in Fig. 3 ), we obtained information about the telomeric fragments to which these probes hybridized. TEL 1 hybridized to more than two fragments, one centered around 10 kb and several diffuse bands centered around 6 kb. TEL 2 hybridized to one band around 7 kb, and TEL 3 mainly to two bands around 10 kb and 6 kb. All these bands behaved like telomeric fragments, exhibiting faster mobility with BalSl pretreatment.
DNA sequence of the rice TASs
The DNA sequences of the TEL clones were determined. The sequences of these clones have been deposited in the EMBL, DDBJ, GenBank database (accession nos. D16335-D16337, data not shown in this paper). Besides sequences from the telomere primer, these clones did not contain the telomere repeat sequence at their distal ends. TEL 1 and TEL 2 were composed of AT-rich sequences, while TEL 3 contained a notably GCrich sequence. This GC-rich sequence involved a variant repeat block. GC-rich variant repeats have been reported in human chromosome subtelomere sequences. 9 ' 10 These clones did not show any similarity to each other, nor did they exhibit any significant homology to DNA sequences present in the databases.
Polymorphisms displayed by rice TASs
Several authors have reported that chromosomal termini show a high level of polymorphism. 16 ' 24 ' 25 To study polymorphism of the chromosomal termini of rice, we investigated differences in hybridization bands of two rice varieties, Nipponbare and Kasalath, using each telomere clone as a probe. In the Kasalath, as well as Nipponbare DNA, fragments hybridizing with the TEL clones are considered to be telomeric, because the fragments were sensitive to exonuclease digestion. For Southern hybridization with each TEL clone or a segment from the telomeric repeat (CCCTAAA) 6 , DNA from both varieties was digested with eight restriction enzymes: BaniH.1, BgRl, EcoRV, Hindlll, Apal, Oral, EcoRl, and KpnI. As shown in Fig. 4A , the telomeric repeat revealed a high level of variation between the two rice varieties; all DNAs digested with any of the eight restriction enzymes showed polymorphisms with this probe. This observed variation demonstrates polymorphisms at the distal ends of all chromosomes. On the other hand, the Southern hybridization patterns with the TEL clones (Fig. 4B-D) demonstrate polymorphisms in the telomeric region(s) at one or several distinct chromosome ends. These TEL probes showed narrower bands than the telomeric repeat probe and demonstrate more clearly the highly polymorphic nature of telomeric DNA between the two varieties. With Nipponbare DNA, TEL 2 and TEL 3 hybridized to fragments of varying length and produced broad bands, while with Kasalath DNA the probes hybridized to discrete fragments producing intense clear bands. This result indicated heterogeneity in the length of the telomeric repeat, especially in Nipponbare, at the termini to which the probes hybridized.
3.4-Mapping of the rice TASs
To map the TASs, we monitored the segregation of the polymorphic fragments in an F 2 population derived from a cross between the two rice varieties. Figure 5 shows part of the segregation patterns of the bands hybridized with the TEL 1, TEL 2, and TEL 3 probes to the F 2 individual DNAs digested with BarriHI, KpnI, and Dral, respectively. The polymorphisms displayed between the two crossed parent varieties, as in Fig. 4 , were transmitted to progenies. However, the progeny plants displayed unusual variability in the band features. Some bands appeared to be diffused and shifted to a faster or a slower mobility in each F 2 plant, especially with TEL 1 and TEL 3. The heterodispersion in these bands is probably related to heterogeneity in the length of the telomeric repeat. Other bands, i.e., the bands around 7 kb in TEL 2 (Fig. 5B) and the bands around 6.6 kb in TEL 3 (Fig. 5C) were not dispersed and did not shift much. Although these bands have been confirmed to hybridize to the chromosome termini in Kasalath, heterogeneity in length both within and among individual plants was rarely observed.
The segregation pattern of the TEL 1 fragments was fairy complex (Fig. 5A) . Subtelomeric DNAs at several chromosome ends have homology to the TEL 1 sequence, and on some lanes in the hybridization filter as many as five bands were observed. One band around 15 kb was ascribed to the Nipponbare chromosome, and was scored for mapping. This allele was mapped to one terminal of chromosome 5 (Fig. 6) . The pattern detected with the TEL 2 was fairly simple. There were two bands; one band around 7 kb was ascribed to the Kasalath chromosome and another one centered around 13 kb was ascribed to the Nipponbare chromosome. Close inspection of the bands in the hybridization filter revealed that these two bands were not allelic: a site for the allele in the Kasalath chromosome does not correspond to a site in the Nipponbare chromosome. Therefore, for mapping, each hybridizing DNA fragment of around 7 kb and 13 kb was scored as being either present or absent. The allele from Nipponbare was mapped to the distal end of one arm of chromosome 12, while the one from Kasalath was mapped to one terminal of chromosome 11 (Fig. 6) . With the TEL 3, two main bands were observed; one hybridizing fragment centered around 7 kb, corresponding to an allele from Nipponbare, and the other fragment at 6 kb, corresponding to an allele from Kasalath. These two fragments appeared to show true allelism and could be scored as either homozygous or heterozygous. These alleles were located to the other end of chromosome 11 (Fig. 6) .
The genetic distances between the rice TAS loci and the most distal markers in our rice RFLP map were 3.0 cM on one arm of chromosome 5 (TEL 1), 7.6 cM on one arm of chromosome 12 (TEL 2), 0.6 cM on one arm of chromosome 11 (TEL 2), and 2.4 cM at the other end of chromosome 11 (TEL 3). The distances indicate very tight linkage of the rice TAS loci to the previously mapped RFLP markers.
Discussion
We have isolated three telomere-associated sequences from rice using the cassette-ligation-mediated PCR. The technique was developed to amplify specific DNA fragments adjacent to regions of a known sequence, 20 and allows an efficient amplification of TASs from genomic DNA. In the present study, it was demonstrated that more than 60% of the amplified products were derived from rice chromosome termini. Similar PCR-based strategies have been employed to isolate TASs from other organisms (maize, barley, mouse). 16 ' 17 ' 26 Some of the cloned sequences have been mapped to the most distal positions on genetic maps. 16 ' 17 However, those sequences are composed of repetitive sequences, and it is unclear how close these repeats are situated to the chromosome termini and whether they can be properly referred to as TASs.
The rice TASs which we have cloned do not comprise highly or moderately repeated sequences in the rice genome. A. thaliana TASs isolated by Richards et al. 
TEL1
-C263 -C597 -C568
• C249
Chr.5 one subtelomeric repeated sequence has been reported by Wu et al. 27 They carried out in situ hybridization of the sequence and demonstrated that the sequence was localized to the termini of seven long arms and one short arm of the 12 rice chromosomes. Richards et al. 6 speculated that single-copy TASs, such as TASs in A. thaliana, will lie between the telomeric repeats and more proximal blocks of repetitive DNA. Evidence for spacers separating these two repeats has been presented for tomato chromosomes. 5 The rice subtelomere clones may be derived from one such spacer region in rice chromosomes.
Although TEL 2 recognized a single fragment on the Southern blot of rice genomic DNA, TEL 1 hybridized to more than two fragments. This result indicates that the latter TAS is located on several other chromosome ends, besides chromosome 5. Similar multiple distribution of TASs over several different chromosome ends has been reported for human and other organisms, 5 ' 8 ' 9 and considered as evidence of genomic rearrangements or exchange of telomeric fragments between nonhomologous chromosomes. In this paper, we show that the TEL 2 fragments are located at the terminus of chromosome 12 in Nipponbare and 11 in Kasalath. The different chromosomal location of the single copy sequences, like TEL 2 TAS, is good evidence for the occurrence of exchange between the terminal segments of different chromosome arms in rice.
Some authors have already shown that telomeric DNA is hypervariable and displays a high level of polymorphism among closely related varieties or strains. 24 ' 25 Variability in telomeres among Fi and F2 individuals has also been reported. 16 ' 24 ' 25 In these studies, telomeric terminal repeats or subtelomeric repetitive sequences have been used to monitor polymorphisms. Therefore, polymorphisms shown by these authors are variations in telomeric regions of all or almost all chromosome arms. In this paper, we used the subtelomere clones with nonrepetitive sequences for detection of variations at telomeres between two rice varieties (Fig. 4) and among individual F2 plants (Fig. 5) . The probes enabled us to detect polymorphisms at several distinct telomeres. The decreased complexity in hybridization patterns allowed us to obtain more detailed information about variability at telomeric regions, which have not been demonstrated by other authors. Although the observed polymorphism is suggested to be due to heterogeneity in the telomeric repeats and variability in the subtelomere structures, the mechanism(s) responsible for this high degree of polymorphism in the telomeric regions of rice awaits further investigation.
Wu and Tanksley
19 denned three rice chromosome ends on their RFLP map without isolating TASs. We were able to localize four ends of chromosome arms on the RFLP map of rice using our TASs, each of which is specific to a particular rice telomere. The distance between the most distal RFLP marker and the telomeric fragments is between 0.6 cM and 7.6 cM, with an average distance of 3.4 cM. The current linkage map (Kurata et al., in preparation) seems to cover almost the entire rice genome because the most distal markers are closely linked to these telomere clones.
